The design of atomic-scale microstructural traps to limit the diffusion of hydrogen is one key strategy in the development of hydrogen-embrittlement-resistant materials. In the case of bearing steels, an effective trapping mechanism may be the incorporation of finely dispersed V-Mo-Nb carbides in a ferrite matrix. First, we charged a ferritic steel with deuterium by means of electrolytic loading to achieve a high hydrogen concentration. We then immobilized it in the microstructure with a cryogenic transfer protocol before atom probe tomography (APT) analysis. Using APT, we show trapping of hydrogen within the core of these carbides with quantitative composition profiles. Furthermore, with this method the experiment can be feasibly replicated in any APT-equipped laboratory by using a simple cold chain.
H
ydrogen embrittlement, in which the presence of hydrogen within a material's microstructure causes a severe loss in ductility, can lead to catastrophic and unpredictable failure of structural components in service (1, 2) . This is critical in many applications because hydrogen is a near-ubiquitous element and can enter the material either at the time of manufacture or later during use. Hydrogen embrittlement affects many applications, such as fasteners in aircraft and bolts used in the construction of bridges. As such, it is a serious concern in many marine and civil engineering applications (3, 4) . Hydrogen embrittlement is particularly important in the area of advanced high-strength steels for the automotive sector, in which the steel strength now exceeds 1 GPa, resulting in a material much more susceptible to hydrogen embrittlement. Such hydrogen-embrittlement concerns can lead to the selection of higher-cost or reduced-performance alloys-particularly in terms of tensile strength.
Mitigating hydrogen embrittlement usually involves either annealing to remove hydrogen that has been introduced during manufacture or applying barrier coatings to minimize further ingress of hydrogen from external sources (5). However, a third option is to imbue materials with an intrinsic resilience. Our poor understanding of how hydrogen interacts with microstructure at the atomic scale limits this option, despite general agreement that the diffusion of hydrogen within a microstructure is a key factor for hydrogen embrittlement (6) . More generally, despite the clearly serious nature of hydrogen embrittlement, and a large body of macroscopic experimental and simulation research, there exists little in the way of direct observation of hydrogen within these materials. This is due to the experimental difficulty of directly observing hydrogen within technologically relevant microstructures (7) . This makes it challenging to engineer microstructures that will mitigate the effect.
Practically, after low to moderate heat-treatment schedules to remove hydrogen from within parts after manufacture (8) , protective barriers can reduce further ingress of hydrogen from environmental sources during service. However, protective barriers can fail in the presence of abrasive or degrading environments, providing a pathway for hydrogen and embrittlement (9) . The incorporation of finely dispersed nanoscaled carbides (10) (11) (12) , such as~10-nm vanadium carbides (VCs) (13, 14) , offers a suite of options for intrinsically resistant steels. The carbides act as "traps" to retain hydrogen that might otherwise diffuse through the microstructure and promote embrittlement. The traps may operate to limit apparent diffusion rates (15) in a reversible manner, and/or they may sequester hydrogen within their own microstructures (14) . Again, little direct experimental information exists on the interaction of hydrogen with such precipitates. Although some theoretical predictions do exist, they are limited to cases that are straightforward to simulate, such as via density functional theory (16) . The uncertainty in the effectiveness of hydrogen trapping by these microstructures in turn leads to great uncertainty in microstructural design.
Hydrogen trapping in bulk samples is studied with several methods, such as small-angle neutron scattering (17) , thermal desorption spectroscopy (15, 18) , and energy recoil detection (19) . These methods provide only bulk-averaged information on microstructural interaction, and the direct interpretation from these signals is difficult. Secondary ion mass spectroscopy can directly image hydrogen (20-23) but cannot measure the precise location of hydrogen atoms, which limits applicability. At smaller scales, transmission electron microscopy (TEM) can detect hydrogen in very specific cases, such as hydrogen imaging on graphene (24) or hydrogen-induced phase changes (25) . Such TEM methods fail to provide robust results when facing more complex systems, such as hydrogen within an iron carbide (26) , in which projection and diffraction effects may dominate.
However, one possible alternative technique is atom probe tomography (APT). This method is a three-dimensional (3D) microscopy technique with near-atomic resolution (27) that can resolve the chemical identities of individual atoms within a target material, even for light elements (28) . Unfortunately, although in theory APT can resolve hydrogen without any instrumental modification, naturally occurring hydrogen is present as a major element in most analyses. Hydrogen in these cases is primarily a contaminant from the high vacuum chamber of these systems (29, 30) . This means that interpretation of the 1 H signal is severely limited by the ambiguity of its origins, and for the most part it is simply ignored in typical analyses.
To address this limitation, several researchers have used deuterium ( 2 H) to distinguish environmentally derived hydrogen from that deliberately introduced for analysis. Deuterium's natural scarcity (1.2 × 10 −4 fraction of natural hydrogen)
guarantees that nearly all deuterium detected originates from the sample's microstructure. However, other challenges remain that limit quantitative spatial information on the hydrogen distribution in engineering microstructures at the atomic scale. To circumvent the remaining challenges for high-quality measurements of the spatial distribution of hydrogen, we combined two approaches to APT hydrogen-charging experiments: electrolytic charging (31) and cryogenic transfer (32) . By using the two approaches in concert, we provide a quantitative measure of the 3D hydrogen content within a proposed steel that contains VMoNbC.
In hydride-forming systems, APT can image deuterium introduced to the material through gaseous charging (33) . However, the low solubility of deuterium within both ferrite and austenite (34) means that limited data for deuterium in steel are available. A notable exception to this is the work of Takahashi et al., in which deuterium was qualitatively shown to correlate to the positions of vanadium and titanium carbides (32, 35) through a combination of annealing, gaseous charging, and rapid quenching. Recently, work has been undertaken that uses a D 2 O charging approach. Theoretically, a D 2 O charging approach should achieve a higher deuterium content (31) . In recent work using this approach, no spatial data were shown for steel samples, primarily because of diffusion losses.
Examining a ferritic steel that contains VC (Fig. 1) , we used a high-fugacity electrolytic method to charge hydrogen to high concentrations, in conjunction with a cryogenic transfer, to suppress loss of hydrogen via diffusion during transfer to the atom probe. We used an existing cryo-transfer system designed to also accommodate biological or liquid specimen transfers (36) with similar experimental protocols. This approach provides a complete and stringent cold chain, after hydrogen charging, from laboratory benchtop to the atom probe ultrahigh vacuum chamber ( fig. S1 ). The procedure requires a cold chain; however, a considerably less advanced system than used here may also prove effective in hydrogen detection.
To perform the deuterium charging, there are several straightforward requirements. First, a specimen in the needle geometry required for APT is prepared from the steel sample by using standard electropolishing techniques (28) . The specimen is then subjected to a short analysis in the atom probe system. The result of this step is that after the experiment, the field evaporation process that underpins APT effectively provides an atomically clean surface (37) . The electrolytic charging process is then conducted in a charging solution, consisting of a deuterated electrolyte (NaOD, 0.1 M) in heavy water (D 2 O) . The in-vacuum cold chain is incorporated into the process to suppress hydrogen diffusion, while entirely avoiding ice formation. The full details of the experimental component of this approach are given in (38) .
We electrolytically deuterated a sample of ferritic steel and transferred at~100 K for an atom probe experiment (Fig. 2) . The highlighted deuterium atoms (red) correspond to the mass-tocharge peak observed at 2 Da. To verify that the atoms shown are actually deuterium, and not H 2 , an additional control sample was charged by using light water (H 2 O) charged and analyzed in the exact same manner; unlike the heavy-water charged data set, no peak at 2 Da was observed ( fig. S3) .
The positions of the deuterium atoms show a strong correlation to the proposed VC-trapping sites in this material, which is consistent with earlier work (32) . Visual inspection of the data set does not allow for identification of the exact location of the hydrogen, either within each individual carbide or at the carbide-matrix interface. This is partly due to the limited number of atoms involved. Indeed, an ongoing debate exists about whether the hydrogen is at the surface (39) or penetrates into the carbide itself (17) . Previous qualitative APT analysis suggests that this may be a surface effect (32) , but no quantitative data confirm this result. In order to maximize the hydrogen-trapping potential, the location of the hydrogen relative to the trapping inclusions has considerable ramifications.
To further investigate the spatial location of hydrogen, relative to that of the carbide, we analyzed our data using an advanced statistical procedure for combining information from multiple precipitates within a single data set (40) . In this work, we selected all the carbides incorporating more than 100 total ions, and then computed the radius of gyration normal to z for the particles (r g ). We collected composition profiles from each particle (and surrounding matrix) along the z axis of the particle (four times the particles' full z bounds), using a square aperture of length 2r g . We normalized the profile's z distance to 0-1 (0 → start of particle, 1 → end of particle along z). Last, we accumulated the profiles to form a single combined composition profile (Fig. 3) , in which we observed that the deuterium is restricted to the interior of the carbide, where it reaches a maxima before decaying. If hydrogen was restricted to the interfacial region at the surface, we would have found a U-shaped profile, which is clearly not the case in the data presented here.
These results are consistent with neutron scattering results, such as given by Malard et al. (17) , who undertook charging using a 0.1 M NaOH solution. In their work, they observed a change in the neutron scattering data after hydrogencharging a steel that contains VC. However, this is in contrast with the neutron scattering work of Ohnuma et al. (39) on a steel containing NbC precipitates, where it was suggested that hydrogen is present at the interface. Malard et al. estimated that at most, 5 parts per million weight % of hydrogen was contained within the precipitates, which given their volume fractions corresponded to 10 atomic % (at %) H contained in the precipitate. In our work, we found a peak deuterium concentration of 0.6 at % and an average concentration of 0.01 ± 0.0025% (counting error, 2 SD). However, this may be underestimated from the as-charged condition, owing to diffusion during the transfer from the charging unit to the cryogenic apparatus.
These results are critical to further understanding the role of hydrogen within steel microstructures; however, the technique is not limited to these materials. Other trapping sites, such as grain and phase boundaries, may prove important in the design of hydrogen-resistant materials, and this approach has the potential to provide new insight. Furthermore, the method may prove useful elsewhere; systems that may be of interest include nickel superalloy materials, titanium alloys, and austenitic steels, in which hydrogen may play an important role in determining macroscopic mechanical properties. We believe that the approach demonstrated here, using liquid charging and cryogenic transfer, is a valuable tool in understanding hydrogen embrittlement from a microstructural perspective. Fig. 3 . Combined analysis of deuterium-charged carbides. Superimposed profile of carbides, generated by normalizing and combining multiple individual profiles from each VC (>100 atoms). Resultant profile shows deuterium within the carbide, at ≈0.5 at % concentration. Atom map shows ≈10-nm slice through the data set.
